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During the April 25 – 28, 2011 severe weather outbreak, 350 tornadoes were
confirmed across 21 states, making the event the largest 3-day outbreak in U.S. History.
Of the 350 tornadoes, 13 were of EF4 or EF5 strength. Due to complex terrain and
vegetation in northeastern Alabama, northwestern Georgia, and eastern Tennessee, only
four tornadoes were analyzed in this study.
Abrupt changes in vegetation and the related sensible and latent heat fluxes have
been shown to enhance convective activity along and near the resulting land surface
discontinuities. This study analyzed heightened convective activity (analyzed by looking
at cloud-to-ground lightning data) along each tornado track on days of weak synoptic
forcing. Post- tornado months showed no signs of enhanced convective activity along any
of the tornado tracks analyzed in this study, which could be attributed to several factors
including study period, duration of intensity, tornado track length and width, and land
cover.
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CHAPTER I
INTRODUCTION AND LITERATURE REVIEW

During the April 25 – 28, 2011 severe weather outbreak, 350 tornadoes were
confirmed across 21 states, making the event the largest 3-day tornado outbreak in U.S.
history. This outbreak killed more than 320 people and caused nearly 11 billion dollars
in damage. Of the 350 tornadoes, 13 were rated at EF4 or EF5 strength. This study will
analyze four tornadoes, named for the communities they impacted, (Hackleburg,
Alabama, Meridian, Philadelphia, and Smithville, Mississippi) of EF4 or EF5 strength
across eastern Mississippi and western Alabama. These four tornadoes traveled a total of
506.02 km (314.43 mi) across several physiogeographic regions.
The objective of this study is to determine whether vegetation discontinuities
related to a tornado scar can enhance convection. The research hypothesis is that a strong
thermal gradient between the tornado scars and their surrounding vegetation, due to latent
and sensible heat fluxes, will enhance deep convection (analyzed by looking at cloud-toground lightning data) along the tornado tracks during days of weak synoptic forcing.
Lightning
Lightning is defined as an electrical discharge in the atmosphere that occurs
through the separation of positive and negative charges within the cloud (Aguado and
Burt, 2007; Rauber et al., 2008). The electrical discharge that produces lightning is the
1

result of an existing high voltage gradient occurring between clouds or a cloud and the
ground that overcomes the electrical resistance of air. Positive charges typically migrate
to the upper portions of the cloud, while negative charges accumulate in the lower portion
of the cloud. In order for separation of charges to occur, a cloud must extend beyond the
freezing layer and possess ice crystals. Ice crystals, typically in the form of hail and
graupel, are surrounded by a thin layer of water and transfer charges as they move
throughout the cloud and come in contact with water droplets (Aguado and Burt, 2007).
Lightning can occur in three ways: intra-cloud (IC), cloud-to-cloud (CC), and cloud-toground (CG). IC lightning is classified as an electrical discharge that does not interact
with the Earth’s surface, only within a cloud. CC lightning forms through an electrical
discharge that exists between two individual thunderstorms. CG lightning is defined as
any stroke of lightning that makes its way from the cloud to the Earth’s surface (Rauber
et al., 2008). Only 20 percent of all lightning strikes occur between the cloud and the
ground (Aguado and Bart, 2007; Rauber et al., 2008). CG lightning typically forms
through a negative polarity stroke in which lightning travels from the ground (positive
charge) to the base of the cloud (negative charge) in an upward current. CG lightning can
also exist through a positive polarity stroke, but is less common. A positive polarity
stroke travels from the anvil (positive charge) to the ground (negative charge) in a
downward current (Rauber et al., 2008).
The National Lightning Detection Network (NLDN) shows thunderstorm activity
in the contiguous United States through the presence of lightning strike data. These data
are collected across the United States utilizing over 100 sensors that record the time and
location lightning strike by detecting the electromagnetic radiation produced from the
2

strike. Since 1989, the NLDN has been detecting approximately 95% of all lightning
strikes in the contiguous United States and recording the location, polarity, signal
strength, and multiplicity for each strike (Orville, 2008).
Thunderstorm development requires warm, moist air in the lower troposphere,
which is readily available along the Gulf Coast and southern Atlantic Coast during the
summer months of June, July, and August when lightning frequency is the greatest
(Rauber et al., 2008). The contiguous United States experiences an average of 20 million
CG lightning strikes annually, with the greatest strike density occurring in central Florida
followed by the Gulf Coast and southern Atlantic Coast where thunderstorm duration is
heightened (Orville and Huffines, 1999; Orville and Huffines, 2001; Rauber et al., 2008).
Florida and the Gulf Coast also receive the highest amounts of lightning days annually
due to the availability of warm, moist air, resulting in conditional instability from the
Gulf of Mexico (Zajac and Rutledge, 2001).
Land Surface Discontinuities
Abrupt changes in vegetation and related sensible and latent heat fluxes have been
shown to enhance convective activity along, and near, the land surface discontinuity
(Avissar, 1998; Brown and Arnold, 1998; Chang and Wetzel., 1991; Chen and Avissar.,
1994; Doran et al., 1995; Easu and Lyons., 2002; Garrett, 1982; Hong et al., 1995;
Mahfouf et al., 1987; McPherson et al., 2004; Ookouchi et al., 1984; Pielke et al., 1991;
Pilke and Zeng, 1989; Rabin et al., 1990; Trier et al., 2004; Segal and Arritt, 1992; Wang
et al., 1996). The Bowen ratio compares the amount of energy near the surface that can
be transferred to the atmosphere between sensible heat and latent heat. Areas that have
high Bowen ratios tend to yield convection when atmospheric conditions are dry, and
3

clouds when a nearby moist layer is present (Rabin et al., 1990). The enhancement of
convection is likely related to mesoscale circulations generated along thermal and
moisture discontinuities and are best identified during synoptically benign periods
(Brown and Arnold, 1998; Garrett, 1982; Mahfouf et al., 1987; Ookouchi et al., 1984,
Pielke et al., 1991). Decreasing the density or coverage of vegetation, and ultimately the
latent heat of a region will increase the sensible heat thereby creating a pronounced
thermal gradient with the surrounding undisturbed vegetation areas (Brown and Arnold,
1998).
Convective clouds tend to occur along landscape and moisture discontinuities
when increased boundary layer moisture is present (Anthes, 1984; Brown and Arnold,
1998; Hong et al., 1995; Ookouchi et al, 1984; Rabin et al., 1990; Segal et al., 1988). A
strong thermal gradient can be generated, similar to a sea breeze, between moist and dry
surfaces, which can aid in convection especially in the presence of a moist boundary
layer (Mahfouf et al., 1987; Segal et al., 1988). This convection tends to occur around
1700 LST, with an additional 4 to 5 hours needed to initiate deep convection through the
generation of strong Non-Classical Mesoscale Circulations (NCMCs), which occur along
thermal boundaries (Brown and Arnold, 1998). This study will attempt to determine if
thermal discontinuities related to the disruption of vegetation in the scar of a tornado path
can be seen in the cloud-to-ground lightning record.

4

CHAPTER II
DATA

EF-Scale
The Fujita Scale (F-Scale), which was originally introduced by Dr. Theodore
Fujita in 1971, was replaced by the Enhanced Fujita Scale (EF-Scale) on February 1,
2007. The EF-Scale was designed to correct and better assess limitations of the F-Scale.
The EF-Scale incorporates both the degree of damage (DOD) and damage indicators
(DI). Once damage has been observed, utilizing the DOD and DI wind speed determines
the EF-Scale rating, which ranges from EF0 – EF5. DI takes into account 28 different
indicators ranging from buildings to trees. Each DOD entails a higher wind speed than
the previous (McDonald et al. 2004). Overall the EF-Scale has lower wind intensities
than the original F-Scale (Table 1).
Table 1

EF-Scale
EF Rating
0
1
2
3
4
5

EF-Scale
3 Second Gust (mph)
65 – 85
86 – 110
111 – 135
136 – 165
166 – 200
Over 200
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The focus of this study is on violent tornadoes, EF4 and EF5, capable of
producing a significant vegetation scar in the damage track, when compared to the
surrounding vegetation. The 13 tornadoes of this intensity occurred in eastern
Mississippi, Alabama, northern Georgia, and eastern Tennessee. Due to complex
vegetation and topography throughout northeastern Alabama, northern Georgia, and
eastern Tennessee, only four tornado scars (located in eastern Mississippi and western
Alabama) are studied to eliminate any biases caused by the terrain.
Tornado Tracks
Tornado track data was obtained from the SVRGIS page for the Storm Prediction
Center (SPC). The four tornadoes analyzed were extracted through Geographic
Information Systems (GIS) as individual shapefiles from a severe report database (SVR)
dating back to 1950. Each shapefile comprised information about the tornado including
date, time, location, strength, injuries, fatalities, starting and ending latitude, starting and
ending longitude, length in miles, and width in yards. Tornado tracks are generated by
connecting the beginning and ending latitude and longitude with a line (SVRGIS SPC).
The Hackleburg tornado traveled a total of 212.43 km (132 mi) through Alabama,
beginning in southwest Marion County, near Hackleburg, then continuing northeast,
passing just to the northwest of Decatur and Huntsville, and ending just across the
Tennessee border in Franklin County, TN. The tornado reached a maximum wind speed
of 93.88 m s-1 (210 mph), (EF5 strength), and obtained a maximum width of 2.01 km
(1.25 mi) (NWS Birmingham, AL).
The Smithville tornado traveled a total of 51.66 km (32.1 mi) though eastern
Mississippi and western Alabama, beginning just to the southwest of Smithville,
6

Mississippi in Monroe County. The tornado tracked through the city of Smithville then
continued moving northeast into Alabama, passing to the southeast of Shottsville, and
ending near Franklin County, AL. The tornado reached a maximum wind speed of 91.64
m s-1 (205 mph), (EF5 strength), and obtained a maximum width of 1.21 km (0.75 mi)
(NWS Memphis, TN).
The Philadelphia tornado traveled a total of 45.51 km (28.28 mi) through eastern
Mississippi, beginning near the city of Philadelphia, then continued moving northeast
through Neshoba County and ending in Noxubee County. The tornado reached a
maximum wind speed of 91.64 m s-1 (205 mph), (EF5 strength), and obtained a
maximum width of 0.82 km (0.51 mi) (NWS Jackson, MS).
The Meridian tornado traveled a total of 196.42 km (122.04 mi) through central
Mississippi and western Alabama beginning in Smith County then moving east-northeast
through Lauderdale County, passing just to the south of the city of Meridian, before
crossing into Alabama and ending in Perry County. The tornado reached a maximum
wind speed of 78.23 m s-1 (175 mph), (EF4 strength), and obtained a maximum width of
0.97 km (0.6 mi) (NWS Jackson, MS).
Lightning Data
The lightning dataset was acquired from Vaisala’s U.S. National Lightning
Detection Network (NLDN). The NLDN data includes time, location, polarity,
amplitude, and multiplicity of every CG flash across the country. 114 ground based
lightning sensors distributed across the U.S. provide thunderstorm detection efficiency in
excess of 99% and flash detection efficiency in excess of 95% through the detection of
the electromagnetic signals generated as lightning comes in contact with the Earth’s
7

surface. The NLDN detects CG lightning flashes, not CC lightning flashes, with location
accuracy in excess of 250 meters (Vaisala, 2012). Lightning flashes with a current
discharge less than 10 kilo amps (kA) (Cummins et al., 1998) or less than 15 kA (Biagi et
al., 2007) are typically associated with cloud discharges and are recommended to be
removed. For this study lightning flashes with a current discharge of 0.1 to 15 kA will be
removed.
Landsat Data
Landsat images were used to determine the thermal differences between the
tornado scars and their surrounding vegetation through the extraction of skin surface
temperatures. Landsat images were acquired from the United States Geological Survey
(USGS).

8

CHAPTER III
METHODS

Landsat Data
Landsat data uses digital numbers, which range from 0 – 255; 0 representing
black and 255 representing white, to examine surface skin temperatures (Smith, 2010).
Surface skin temperatures were used to better assess thermal differences between the
tornado scars and their surrounding vegetation. Landsat data from the USGS have a pixel
resolution of up to 40 meters (m), but are typically available at 250 m, 500 m, 1 km, and
2 km. Thematic Mapper (TM), a sensor package on the Landsat 5 satellite, is often used
to asses environmental features. There are seven bands contained within TM and each
band scans at a different wavelength. TM5 and TM7 are used to analyze clouds, ice,
snow, and geological formations. These two bands use wavelengths of 1.65 and 2.22
micrometers (µm). TM6 uses a wavelength of 11.457 µm to analyze Land Surface
Temperatures (Sobrino et al., 2004). The values extracted are converted to radiance using
the formula:
(1)
CVr = cell value as radiance, CVdn = cell value of digital number, G = gain, and B =
bias
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Once radiance was calculated, the inverse of the Planck function is used to derive
the corresponding temperature values (Smith, 2010). The formula to calculate the Planck
function is (Smith, 2005):

(2)
h = Planck’s constant, c = speed of light, k = Boltzman’s constant, and T = temperature
in Kelvin
Therefore, the formula to convert radiance to temperature is:

(3)
T = degrees in Kelvin, CVr = cell value as radiance, and E = emissivity
Table 2

K1 and K2 values
K1
K2

Landsat TM
607.76
1260.56

Landsat ETM
666.09
1282.71

Emissivity is estimated through the Normalized Difference Vegetation Index
(NDVI). NDVI values less than 0.2 indicate bare soil, values between 0.2 and 0.5
indicate a mixture of bare soil and vegetation, and values greater than 0.5 indicate fully
vegetated areas (Sobrino et al., 2004). Emissivity is typically estimated at 0.95 for
satellite images taken by the USGS (Smith, 2010). Temperatures were calculated in
Kelvin, but then were converted into Celsius (Smith, 2010).
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Synoptically Benign Days
Synoptically benign days were categorized as any day with no synoptic forcing
present within 500 km of the study region. These criteria include: Winds of 30 knots or
less at 250 millibars (mb); 20 knots or less at 500 mb; and 10 knots or less at the surface
(Brown and Arnold, 1998). Surface and upper air analysis charts were analyzed at 12Z
and 0Z to confirm these conditions are met at both Jackson, Mississippi and Birmingham,
Alabama. Jackson, Mississippi and Birmingham, Alabama were used since the tornadoes
in this study occurred in eastern Mississippi and western Alabama. Synoptically benign
days during the months of June, July, and August 2006 – 2011 were analyzed. These
months were used since this is typically when the Southeast experiences the greatest
number of synoptically benign days. Vegetation foliage and evapotranspiration are
heightened during this time period, which should enhance any vegetation discontinuity
and therefore related thermal gradient generated between the tornado scars and their
surrounding vegetation. Data prior to 2006 was not analyzed due to the landscapealtering effects of Hurricane Katrina in August 2005. Additionally, if any time step, 12Z
or 0Z at Jackson or Birmingham, did not meet the criteria of a synoptically benign day,
that day was removed from the data set. In order to classify all the synoptically benign
days in this study, 6,624 surface and upper air analysis charts were analyzed from the
SPC.
Figures 1 – 3 display a synoptically benign day at 0Z for August 7, 2008. Figure 1
shows a jet streak is present at 250 mb over the northern United States with no synoptic
forcing present within 500 km of the study region. Weak winds, of 15 knots and 30 knots,
are found at this level at Jackson and Birmingham, respectively.
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Figure 1

250 mb map from August 7, 2008

Figure 2 shows a trough is positioned over the northern United States, and a ridge
is present over the southeastern United States at 500 mb with no synoptic forcing present
within 500 km. Weak winds, of 5 knots and 10 knots, are found at this level at Jackson,
MS and Birmingham, AL, respectively.
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Figure 2

500 mb map from August 7, 2008

Figure 3 indicates weak winds, of 5 knots, at the surface throughout the study area
with no surface forcing feature present within 500 km.
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Figure 3

Surface map from August 7, 2008

Of the possible 552 synoptically benign days, 153 met the criteria mentioned
above (Table 3).
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Table 3

Synoptically benign days

June 1, 2006
June 23, 2006
July 17, 2006
July 29, 2006
August 9, 2006
August 17, 2006
June 23, 2007
July 1, 2007
August 5, 2007
August 23, 2007
June 8, 2008
July 8, 2008
July 20, 2008
July 31, 2008
August 29, 2008
June 20, 2009
July 16, 2009
August 17, 2009
June 12, 2010
June 21, 2010
July 5, 2010
July 18, 2010
July 30, 2010
August 17, 2010
June 1, 2011
June 10, 2011
June 21, 2011
July 1, 2011
July 11, 2011
July 27, 2011
August 1, 2011

June 11, 2006
June 25, 2006
July 22, 2006
July 30, 2006
August 10, 2006
August 18, 2006
June 25, 2007
July 9, 2007
August 7, 2007
August 24, 2007
June 10, 2008
July 9, 2008
July 21, 2008
August 6, 2008
August 30, 2008
June 21, 2009
August 9, 2009
August 18, 2009
June 13, 2010
June 23, 2010
July 6, 2010
July 19, 2010
August 3, 2010
August 18, 2010
June 5, 2011
June 11, 2011
June 23, 2011
July 2, 2011
July 21, 2011
July 28, 2011
August 2, 2011

June 15, 2006
July 12, 2006
July 23, 2006
August 3, 2006
August 11, 2006
August 19, 2006
June 26, 2007
July 29, 2007
August 9, 2007
August 30, 2007
June 11, 2008
July 13, 2008
July 28, 2008
August 7, 2008
August 31, 2008
June 22, 2009
August 10, 2009
August 19, 2009
June 14, 2010
June 25, 2010
July 8, 2010
July 20, 2010
August 4, 2010
August 21, 2010
June 7, 2011
June 12, 2011
June 25, 2011
July 3, 2011
July 22, 2011
July 29, 2011
August 3, 2011

June 18, 2006
July 14, 2006
July 24, 2006
August 4, 2006
August 14, 2006
August 20, 2006
June 28, 2007
July 30, 2007
August 10, 2007
June 6, 2008
June 13, 2008
July 16, 2008
July 29, 2008
August 27, 2008
June 2, 2009
June 28, 2009
August 11, 2009
August 25, 2009
June 15, 2010
June 28, 2010
July 9, 2010
July 21, 2010
August 10, 2010
August 22, 2010
June 8, 2011
June 13, 2011
June 26, 2011
July 4, 2011
July 24, 2011
July 30, 2011

June 21, 2006
July 15, 2006
July 28, 2006
August 7, 2006
August 15, 2006
August 22, 2006
June 29, 2007
August 3, 2007
August 16, 2007
June 7, 2008
July 4, 2008
July 19, 2008
July 30, 2008
August 28, 2008
June 7, 2009
July 15, 2009
August 14, 2009
August 29, 2009
June 16, 2010
June 29, 2010
July 15, 2010
July 26, 2010
August 16, 2010
August 23, 2010
June 9, 2011
June 16, 2011
June 28, 2011
July 5, 2011
July 26, 2011
July 31, 2011

Plotting Tornado Tracks
The four tornado tracks created by the SVRGIS were imported into GIS. A 7.5
km radius was created from the center of each tornado track (Figure 4). This distance was
chosen because the objective of the proposed research is to investigate how vegetation
discontinuities created from a tornado scar can enhance convection. A small radius of
only 7.5 km should isolate processes associated with the scars and their surrounding
vegetation, similar to research by Brown and Arnold (1998). Given that each tornado
15

track is a different length, the size of the lightning data extraction area will vary for each
tornado track. The area was calculated for each tornado track by multiplying the length of
tornado track by the diameter of the buffer, 15 km. The Meridian, Philadelphia,
Hackleburg, and Smithville tornadoes encompassed areas of 2,946 km, 682.65 km,
3,186.45 km, and 895.65 km, respectively.

Figure 4

Tornado tracks with buffer

Plotting Lightning Data
Lightning data was overlaid into GIS and used as a proxy for deep convection.
Lightning data analyzed in this study exists within a region extending from southeast
Kansas eastward through central Kentucky, and southward into the northern Gulf of
Mexico (Figure 5). Similar to Biagi et al. (2007) lightning strikes between 0.1 and 15 kA
16

were removed from the dataset since this range can be associated with CC lightning
strikes.

Figure 5

Lightning data indicating lightning data domain

If five or more lightning strikes occurred within a 7.5 km radius of each tornado
track between 12 P.M. and 8 P.M. the day was considered convectively active for the
analyzed tornado track. If less than 5 lightning strikes were recorded on a given day, that
day was considered non-convectively active. This time period was used since convection
tends to occur in the afternoon in the Southeast during the summer. If both of these
parameters were met, the synoptically benign days were considered convectively active
for the analyzed tornado track.
17

After a “Yes” is given to all the synoptically benign days considered convectively
active pre- and post- tornado years were compared for each tornado track. This
comparison should help determine whether or not convection has increased due to the
tornado scars, and related thermal gradients.
Lightning Climatology
Prior to determining if a strong thermal gradient between the tornado scars and
their surrounding vegetation, due to latent and sensible heat fluxes, will enhance deep
convection monthly lightning climatologies were examined across the study region.
Monthly lightning data from June, July, and August 2006 – 2011 was imported into GIS.
These months were used since this is typically when the Southeast experiences the
greatest number of synoptically benign days. Lightning strikes between 12 P.M. and 8
P.M. LST were analyzed. This time period was used since convection tends to occur in
the afternoon in the Southeast during the summer. Additionally, it should be noted that all
552 days in the study period, synoptically benign or active, were used to calculate
monthly climatologies.
78,375 four km grids were created using the Fishnet function in GIS. Grids were
created using perimeter latitude and longitude coordinates from the monthly lightning
data and used as spatial boundaries for subsequent GIS data. Monthly lightning
climatologies were calculated by joining the four km grids to the monthly lightning data
to produce a count of the total number of lightning strikes for each grid polygon. Pre- and
post- tornado months were compared to determine whether or not lightning frequency
increased following the tornadoes analyzed in this study.
18

A paired T-Test with a two-tailed distribution was used to compare pre- and post- tornado
months within a 7.5 km radius of each tornado track. Months occurring prior to the
tornado, 2006 – 2010, were averaged and compared to months in 2011. For example,
June 2006 – 2010 was averaged (pre-tornado climatology) and compared to June 2011. A
T-test measures the mean value of two groups and determines their statistical difference.
A p-value close to one represents two very similar mean values, while a p-value close to
zero represents two very dissimilar mean values. Given that each tornado track is a
different length, the number of grids within each group varied for each tornado track. The
Meridian, Philadelphia, Hackleburg, and Smithville tornadoes contained 262, 79, 294,
and 97 grids within their groups, respectively.
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CHAPTER IV
RESULTS

Landsat Data
An adequate, high resolution, Landsat image could not be obtained for any of the
four tornado tracks analyzed in this study. A Landsat image, with a resolution of 40 m,
was acquired in a preliminary study of the Yazoo City tornado. The Yazoo City tornado
occurred on April 24, 2010, traveling 240 km (149 mi) from Tallulah, Louisiana through
Yazoo City, Mississippi and ending near Starkville, Mississippi. The tornado reached a
maximum wind speed of 76 m s-1 (170 mph) (EF4 strength) and obtained a maximum
width of 2.8 km (1.75 mi). Landsat imagery showed a distinct vegetation scar along the
majority of the path of the tornado. Landsat thermal imagery from June 2010, less than
two months after the tornado occurred, indicated a surface skin temperature gradient of 8
– 10o C between the scar and surrounding vegetation (Figure 6).

20

Figure 6

Yazoo city tornado scar surface skin temperature

Additionally, it should be noted that the Yazoo City tornado traveled a longer
distance and obtained a maximum width that was larger than any of the tornadoes
analyzed in this study. For this study it was assumed that a similar surface skin
temperature gradient would have been observed in the four tornadoes analyzed in this
study had the Landsat images been available.
Synoptically Benign Days
A synoptically benign day was defined as any day with no synoptic forcing
present within 500 km of the study region utilizing upper-air data from Jackson,
Mississippi and Birmingham, Alabama. Synoptically benign days during the months of
21

June, July, and August 2006 – 2011 were analyzed. Table 4 gives a month-to-month
breakdown of the number of synoptically benign days for each month. 2011 had the
greatest number of synoptically benign days with 33.
Table 4

June
July
August
Total

Monthly number of synoptically benign days
2006
7
10
13
30

Number of Synoptically Benign Days
2007
2008
2009
2010
5
6
6
10
4
12
2
11
9
7
9
9
18
25
17
30

2011
15
15
3
33

Convectively Active Days
A convectively active day was defined as a synoptically benign day in which five
or more lightning strikes occurred within a 7.5 km radius of the tornado track. Only
strikes that occurred between 12 P.M. and 8 P.M. were used in this study. GIS was used
to depict the number of strikes within the specified radius of each tornado track so that
the number of convectively active days could be determined (Figure 7).
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Figure 7

Convective activity along the four tornado tracks

Tables 5 – 8 give a month-to-month breakdown of the percentage of convectively
active synoptically benign days for each tornado track analyzed in this study. Pre- and
post- tornado months were compared to determine whether or not convection was
enhanced after April 2011. Post- tornado months had the highest percentage of
convectively active synoptically benign days only once in August 2011 for the Smithville
tornado track.
For the Meridian tornado track, June had the greatest percentage of convectively
active synoptically benign days in 2007 with 60 percent, while 2011 had 53 percent. The
greatest percentage for July occurred in 2009 with 100 percent, while 2011 had 60
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percent. The greatest percentage for August occurred in 2010 with 89 percent, while
2011 had 33 percent (Table 5).
Table 5

June
July
August

Meridian tornado track – monthly percentage of convectively active
synoptically benign days
2006
43
60
46

Meridian Tornado Track
2007
2008
2009
33
17
60
75
75
100
56
71
67

2010
50
73
89

2011
53
60
33

For the Philadelphia tornado track, June had the greatest percentage of
convectively active synoptically benign days in 2010 with 50 percent, while 2011 had 47
percent. The greatest percentage for July occurred in 2007, 2008, and 2009 with 50
percent, while 2011 had 47 percent. The greatest percentage for August occurred in 2010
with 56 percent, while 2011 had 0 percent (Table 6).
Table 6

June
July
August

Philadelphia tornado track – monthly percentage of convectively active
synoptically benign days
2006
43
40
23

Philadelphia Tornado Track
2007
2008
2009
40
17
0
50
50
50
33
43
44

2010
50
27
56

2011
47
47
0

For the Hackleburg tornado track, June had the greatest percentage of
convectively active synoptically benign days in 2007 with 80 percent, while 2011 had 33
percent. The greatest percentage for July occurred in 2007 with 75 percent, while 2011
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had 20 percent. The greatest percentage for August occurred in 2010 with 67 percent,
while 2011 had 33 percent (Table 7).
Table 7

June
July
August

Hackleburg tornado track – monthly percentage of convectively active
synoptically benign days
2006
71
40
46

Hackleburg Tornado Track
2007
2008
2009
33
33
80
58
0
75
44
29
11

2010
60
46
67

2011
33
20
33

For the Smithville tornado track, June had the greatest percentage of convectively
active synoptically benign days in 2006 with 43 percent, while 2011 had 13 percent. The
greatest percentage for July occurred in 2007 with 75 percent, while 2011 had 13 percent.
The greatest percentage for August occurred in 2011 with 33 percent (Table 8).
Table 8

June
July
August

Smithville tornado track – monthly percentage of convectively active
synoptically benign days
2006
43
40
31

Smithville Tornado Track
2007
2008
2009
40
0
17
42
0
75
11
14
11

2010
40
36
22

2011
13
13
33

Table 9 gives a year-to-year breakdown of the percentage of convectively active
synoptically benign days for each tornado track analyzed in this study. Post- and pretornado months were compared to determine whether or not convection was enhanced
after April 2011. Post- tornado months never received the highest percentage of
convectively active synoptically benign days for any of the tornadoes analyzed.
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Table 9

All tornado tracks - yearly percentage of convectively active synoptically
benign days

Meridian
Philadelphia
Hackleburg
Smithville

2006
50
33
50
37

2007
61
39
61
33

2008
64
40
44
24

2009
53
29
18
12

2010
70
43
57
33

2011
58
42
27
15

Of the 153 synoptically benign days analyzed in this study, 91 were considered
convectively active within the 7.5 km radius of the Meridian tornado track. Of the six
years analyzed, 2010 had the greatest percentage of convectively active synoptically
benign days. 70 percent of the synoptically benign days in 2010 were convectively active,
while only 58 percent of the days in 2011 were convectively active.
59 synoptically benign days were considered convectively active within the 7.5
km radius of the Philadelphia tornado track. 2010 had the greatest percentage of
convectively active synoptically benign days. 43 percent of the synoptically benign days
in 2010 were convectively active, while only 42 percent of the days in 2011 were
convectively active.
64 synoptically benign days were considered convectively active within the 7.5
km radius of the Hackleburg tornado track. 2007 had the greatest percentage of
convectively active synoptically benign days. 61 percent of the synoptically benign days
in 2007 were convectively active, while only 27 percent of the days in 2011 were
convectively active.
40 synoptically benign days were considered convectively active within the 7.5
km radius of the Smithville tornado track. 2006 had the greatest percentage of
convectively active synoptically benign days. 37 percent of the synoptically benign days
26

in 2006 were convectively active, while only 15 percent of the days in 2011 were
convectively active.
Lightning Climatology
Months occurring prior to the tornadoes between 2006 and 2010 were averaged
and totaled using four km grids and compared to months in 2011. Monthly climatologies
prior to the tornado (Figures 8 – 10) showed the greatest strike density occurring along
the Gulf Coast, similar to research by Rauber et al. (2008), Orville and Huffines (1999),
Orville and Huffines (2001), and Zajac and Rutledge (2001). For the climatology, the
highest number of strikes, 543, occurred during the August months (Figure 10), followed
by the July months (Figure 9), 398, and the June months (Figure 8), 369. The Gulf Coast
received the greatest strike density, followed by northern Mississippi. One scale, ranging
from 1 – 560 (blue to red), was applied to the three monthly climatologies prior to the
tornadoes.
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Figure 8

June 2006 – 2010 climatology
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Figure 9

July 2006 – 2010 climatology
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Figure 10

August 2006 – 2010 climatology

For the months occurring in 2011, the highest number of strikes, 266, occurred
during August (Figure 13), followed by July (Figure 12), 209, and June (Figure 11), 151.
Months occuring after the tornado did not show a heightened strike density along the
Gulf Coast, but were more randomly distributed throughout the study region. One scale,
ranging from 1 – 270 (blue to red), was applied to June, July, and August 2011.

30

Figure 11

June 2011 climatology
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Figure 12

July 2011 climatology
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Figure 13

August 2011 climatology

Statistical T-tests
Twelve paired T-tests with a two-tailed distribution were used to compare the
climatologies of each month to the post-tornado months within a 7.5 km radius of each
tornado track. Lightning strike averages were calculated along each tornado track and
were used as variables for the T-tests. Months occurring prior to the tornadoes were
averaged to produce climatologies and compared to months in 2011 along each tornado
track. Nine of the twelve T-tests showed that months occurring after the tornadoes had a
greater average of lightning strikes than the climatologies (Tables 10 – 13). For the
Meridian tornado track, June and August had greater averages of lightning strikes than
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the climatologies. For the Philadelphia and Hackleburg tornado tracks, June, July, and
August had greater averages of lightning strikes than the climatologies. For the
Smithville tornado track, June and July had greater averages of lightning strikes than the
climatologies.
Values generated from the T-test determined the statistical difference between
pre- and post- tornado months. For the Meridian tornado track, July had the greatest
statistical difference, p-value of 1.43861E-15 (Table 10). For the Philadelphia tornado
track, June had the greatest statistical difference, p-value of 6.73163E-07 (Table 11). For
the Hackleburg tornado track, August had the greatest statistical difference, p-value of
4.73213E-30 (Table 12). For the Smithville tornado track, August had the greatest
statistical difference, p-value of 1.49577E-25 (Table 13).
Table 10

Meridian tornado track T-tests
Meridian Tornado Track

Climatology

Average

2011

Average

P-value

June

12.20229008

June

13.89694656

0.01066363

July

55.80152672

July

34.74045802

1.43861E-15

August

17.69083969

August

20

0.07007902
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Table 11

Philadelphia tornado track T-tests
Philadelphia Tornado Track

Climatology

Average

2011

Average

P-value

June

10.70886076

June

16

6.73163E-07

July

20.84810127

July

25.64556962

0.015721786

August

13.46835443

August

13.50632911

0.973837353

Table 12

Hackleburg tornado track T-tests
Hackleburg Tornado Track

Climatology

Average

2011

Average

P-value

June

12.54421769

June

14.32312925

0.01212766

July

11.62244898

July

17.7755102

1.42142E-08

August

8.75170068

August

22.76190476

4.73213E-30

Table 13

Smithville tornado track T-tests
Smithville Tornado Track

Climatology

Average

2011

Average

P-value

June

12.05154639

June

9.134020619

0.003283905

July

14.75257732

July

14.21649485

0.659877974

August

7.917525773

August

31.90721649

1.49577E-25
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CHAPTER V
DISCUSSION

It could not be determined whether or not a strong thermal gradient between the
tornado scars and their surrounding vegetation, due to latent and sensible heat fluxes, will
enhance deep convection (analyzed by looking at cloud-to-ground lightning data) along
each tornado track on days of weak synoptic forcing. Post- tornado months showed no
signs of enhanced convective activity along any of the tornado tracks analyzed in this
study. Month-to-month and year-to-year breakdowns of the percentages of convectively
active synoptically benign days were used to determine if convection was enhanced along
each tornado track.
A month-to-month breakdown of the percentage of convectively active
synoptically benign days for each tornado track showed no signs of enhanced deep
convection after the April 25 – 28, 2011 severe weather outbreak with the exception of
the Hackleburg tornado in August 2011. The percentages of convectively active
synoptically benign days were greater in eleven out of twelve comparisons. This means
that convection was generally not enhanced along the four tornado tracks following the
outbreak. While the Hackleburg tornado did show enhanced convection during August
2011, it could not be determined if the higher percentage of convectively active
synoptically benign days was attributed to a heightened thermal gradient.
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A year-to-year breakdown of the percentage of convectively active synoptically
benign days for each tornado track showed no signs of enhanced deep convection after
the tornadoes occurred. The pre- tornado monthly climatologies (i.e. June 2006 – 2010)
were compared against the post- tornado month for each tornado track. The percentages
of convectively active days were greater in pre- tornado month climatologies than their
post- tornado month.
Pre- tornado monthly climatologies showed the greatest strike density occurring
along the Gulf Coast. For the monthly climatologies, there were no significant differences
in strike density for the areas where the tornadoes in the study occurred. This showed that
an enhanced thermal gradient was not present prior to the tornado outbreak. Months
occurring after the tornadoes did not show a heightened strike density along the Gulf
Coast. For months occurring after the tornadoes, there were no significant differences in
strike density for the areas where the tornadoes in the study occurred. This shows that an
enhanced thermal gradient between the tornado scars and their surrounding vegetation
did not enhance convection along each tornado track after the outbreak. August 2011
showed a heightened strike density in northeastern Mississippi and northwestern
Alabama, which could be attributed to the Hackleburg tornado track having enhanced
convection.
Twelve T-tests were used to compare the pre- tornado monthly climatologies to
their post-tornado month for each tornado track. Even though lightning climatologies,
both pre- and post- tornadoes, appeared to be uniformly distributed across the tornadoes
in the study period, T-tests were used to further analyze this. Nine of the twelve T-tests
showed that months occurring after the tornadoes had a greater average of lightning
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strikes than the pre- tornado monthly climatologies. Seven of those nine T-tests were
statistically significantly different; p-values of 0.05 or less. A p-value less than or equal
to 0.05 means that the observed results did not occur by random chance. Three of the
twelve T-tests showed that the pre- tornado monthly climatologies had a greater average
of lightning strikes than the months occurring after the tornadoes. Two of those three Ttests were statistically significantly different. In total, nine of the twelve T-tests were
statistically significantly different. It could not be determined whether the enhanced
density of lightning strikes was caused by a heightened thermal gradient due to the low
percentage of convectively active synoptically benign days occurring along each tornado
track.
Limitations
Several factors could be attributed to post- tornado months showing no signs of
enhanced convective activity along the four tornado tracks analyzed in this study
including study period, duration of intensity, tornado track, and land cover. Enhanced
convective activity was determined by analyzing the percentage of convectively active
synoptically benign days for each tornado track. The number of synoptically benign days
per month for June, July, and August 2006 – 2011 ranged from two to fifteen, with an
average of eight. Due to a limited number of synoptically benign days occurring during
each month, the percentages could easily be skewed higher if an additional day was
considered convectively active. For the Meridian tornado track, 100 percent of the
synoptically benign days were considered convectively actively in July 2009. This
appears to be significant, but only two days were considered synoptically benign for this
month.
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Violent tornadoes (EF4 or EF5 strength) record a maximum three second wind
gust of at least 166 mph. EF4 and EF5 tornadoes can result in damage such as a total loss
of well-built structures, large vehicles being tossed significant distances, asphalt
completely removed from roadways, debarking large trees, or completely removing all
vegetation. Decreasing the coverage of vegetation would lower the latent heat of a region,
therefore increasing the sensible heat which would create a distinct thermal gradient with
the surrounding undisturbed vegetation areas (Brown and Arnold, 1998). The Meridian,
Philadelphia, Hackleburg, and Smithville tornadoes traveled 196.42 km (122.04 mi),
45.51 km (28.28 mi), 212.43 km (132 mi), and 51.66 km (32.1 mi), respectively, but each
only maintained EF4 or EF5 strength for a limited distance. Tornado tracks generated
from the SVRGIS are assigned the highest rating recorded by the tornado, but are a poor
representation of the entire tornado track. The lack of enhanced convective activity for
the four tornado tracks could be attributed to the limited distance that each tornado
actually spent at EF4 or EF5 strength.
Tornado tracks were generated from the SVRGIS by connecting the beginning
and ending latitude and longitude with a line. Unfortunately, these tornado tracks are not
true representations of the tornado’s actual path. Tornadoes do not travel in perfectly
straight lines; they often deviate from the generated path. The National Weather Service
(NWS) in Jackson, Mississippi also generated tornado track shapefiles from the April 25
– 28, 2011 severe weather outbreak for their County Warning Area (CWA). Their
tornado tracks were generated by connecting storm survey points analyzed by members
of their NWS office. Two of the four tornadoes, Meridian and part of Philadelphia,
analyzed in this study occurred in Jackson, Mississippi CWA. The Meridian tornado
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track generated by the SVRGIS is poor representation of the tornado track generated by
the NWS. The two tornado tracks have similar starting points in Smith County, but their
orientations vary greatly. According to storm surveys, the Meridian tornado traveled well
south of the tornado track depicted by the SVRGIS. The tornado track generated by the
SVRGIS has the tornado crossing through southeastern Lauderdale County. However,
according to the NWS tornado track, the Meridian tornado never entered Lauderdale
County, it tracked across northern Clark County (Figure 14). The distance between the
two tornado tracks is as much as 6.5 km (4.04 mi). The Philadelphia tornado track
generated by the SVRGIS is a better representation of the tornado track generated by the
NWS in terms of orientation, but the lengths of the two tornado tracks varied. The
Philadelphia tornado track generated by the NWS started further to the southwest in
Neshoba County and did not continue as far into Noxubee County as the tornado track
generated by the SVRGIS (Figure 15). Given that a 7.5 km buffer was produced from the
center of each tornado track generated by the SVRGIS, any variance from the tornado’s
actual path could greatly skew the focus area and the percentage of convectively active
synoptically benign days associated with each tornado track analyzed in this study.
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Figure 14

Meridian (NWS) vs. Meridian (SVRGIS)

Figure 15

Philadelphia (NWS) vs. Philadelphia (SVRGIS)
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Only four of the 13 EF4 or EF5 tornadoes occurring during the April 25 – 28,
2011 severe weather outbreak were analyzed in this study due to complex vegetation and
terrain in northeastern Alabama, northern Georgia, and eastern Tennessee. Even though
the four tornadoes analyzed tracked across flatter terrain, they crossed multiple vegetation
types including deciduous forests, evergreen forests, pastures/hays, cultivated crops,
woody wetlands, and developed areas (National Land Cover Dataset) (Figure 16). A
strong thermal gradient between the tornado scars and their surrounding vegetation is best
identified when tornadoes cross areas of thick vegetation such as deciduous and
evergreen forests. Tornadoes that track across pastures and cultivated areas likely do not
exhibit as strong of a thermal gradient. The Philadelphia and Smithville tornadoes tracked
through areas dominated by deciduous and evergreen forests. The Hackleburg tornado
traveled through deciduous and evergreen forests in northwestern Alabama, but as the
tornado continued to track to the northeast, vegetation coverage changed to pasture/hay
and cultivated crops. The Meridian tornado traveled through deciduous and evergreen
forests for a majority of the tornado track, but as the tornado continued to track to the
east-northeast, vegetation coverage changed to pasture/hay and cultivated crops. It was
expected that a significant thermal gradient would be seen along the entire tornado track
for each tornado analyzed in this study. Since the tornadoes did not track through areas of
uniform vegetation, the expected thermal gradient varied along each tornado track.
The four tornadoes analyzed in this study occurred during the spring, which
allowed time and potential for regrowth to begin during the summer months. This could
have limited the strength of any thermal gradient generated between the tornado tracks
and their surrounding vegetation. Satellite imagery from Google Earth showed that
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regrowth among underlying vegetation had already begun along the Tuscaloosa, Alabama
tornado track by July 31, 2011. The Tuscaloosa, Alabama tornado, which occurred during
the April 25 – 28, 2011 severe weather outbreak, was analyzed using high resolution
imagery taken along the track. High resolution imagery could not be acquired along any
of the tracks analyzed in the study.

Figure 16

Tornado tracks overlain on the National Land Cover Dataset
43

CHAPTER VI
CONCLUSSION

The research hypothesis was that a strong thermal gradient between the tornado
scars and their surrounding vegetation, due to latent and sensible heat fluxes, will
enhance deep convection along the tornado tracks during days of weak synoptic forcing.
CG lightning was used as a surrogate for deep convection. Due to several limitations that
were presented in this study, the null hypothesis could not be rejected.
This study analyzed four of the 13 EF4 or EF5 tornadoes that occurred during the
April 25 – 28, 2011 severe weather outbreak. The focus of this study was on violent
tornadoes capable of producing strong thermal gradients between their tornado scars and
the surrounding vegetation. Landsat thermal imagery from June 2010 indicated a surface
skin temperature gradient of 8 – 10o C between the Yazoo City tornado scar and the
surrounding vegetation. For this study it was assumed that the four tornadoes analyzed
possessed similar surface skin temperature gradients. Nine of the 13 tornadoes were
eliminated from the study due to complex vegetation and terrain in northeastern
Alabama, northern Georgia, and eastern Tennessee. The four tornado tracks used traveled
a total of 506.02 km (314.43 mi) across eastern Mississippi and western Alabama and
were named for the cities they impacted (Hackleburg, Alabama, Meridian, Philadelphia,
and Smithville, Mississippi).
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Of the 552 potential study days occurring during the months of June, July, and
August 2006 – 2011, only 153 days were considered synoptically benign. The four
tornado tracks and CG lightning data were imported into GIS and used as a proxy for
deep convection. A synoptically benign day was considered convectively active for each
tornado track if five or more lightning strikes occurred within a 7.5 km radius of each
tornado track between 12 P.M. and 8 P.M. This distance was chosen to isolate convective
processes associated with the track. This time period was used because convection tends
to occur during the afternoon in the Southeast during summer months. Pre- and posttornado months and years were compared to determine whether or not convection was
enhanced along each tornado track. Of the 153 synoptically benign days, 91, 59, 64, and
40 were considered convectively active for the Meridian, Philadelphia, Hackleburg, and
Smithville tornado tracks, respectively. August 2011 for the Smithville tornado track was
the only month that had a greater percentage of convectively active synoptically benign
days following the tornado. Month-to-month and year-to-year breakdowns along each
tornado track showed that convection was not enhanced by the thermal gradient
generated between the tornadoes and their surrounding vegetation.
Prior to determining whether or not convection was enhanced along each tornado
track, monthly climatologies were generated in GIS. These monthly climatologies were
created by counting the total number of lightning strikes within each of the 78,375 four
km grids across the study region. Pre- and post- tornado months were compared to
determine whether or not lightning frequency had increased after the April 25 – 28, 2011
severe weather outbreak for the study region. T-tests were used to compare the
climatologies of past months to the post-tornado months for each tornado track. Nine of
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the twelve T-tests showed that months occurring after the tornadoes had a greater average
of lightning strikes than the climatologies. Seven of those nine months were statistically
significantly different.
Post- tornado months showed no signs of enhanced convective activity along the
four tornado tracks. This could be attributed to multiple limitations including the study
period, duration of intensity, tornado track, and land cover. Firstly, June, July, and
August were analyzed since these months experience the greatest amount of synoptically
benign days in the Southeast. Unfortunately, the number of synoptically benign days for
each month ranged from two to fifteen. The limited amount of days for each month gave
an inadequate representation of the percentage of convectively active synoptically benign
days along each track. Secondly, each of the four tornadoes analyzed in this study
traveled at least 45.51 km (28.28 mi), but only maintained EF4 or EF5 strength, the
critical strengths for removing all the vegetation along a path, for a limited distance. This
study analyzed lightning strikes within a 7.5 km radius of the entire track. Since the
tornadoes did not maintain a high intensity for an extended period, it is likely that a
strong thermal gradient was not generated along the entire track of each tornado. Thirdly,
the tornado tracks were obtained from the SVRGIS and imported into GIS. The SVRGIS
tracks were compared to the tracks generated from the NWS in Jackson, Mississippi to
determine accuracy. The tornado paths generated from the SVRGIS were off by as much
as 6.5 km (4.04 mi). Lastly, the four tornadoes did not travel through uniform vegetation
types. In order for a strong thermal gradient to be generated between the tornado tracks
and their surrounding vegetation they must travel through lush vegetation including
deciduous and evergreen forests. Satellite imagery from Google Earth showed that
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regrowth among underlying vegetation had already begun along the Tuscaloosa, Alabama
tornado track by July 31, 2011. This could have limited the strength of any thermal
gradient between the tornado tracks and their surrounding vegetation.
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